D
iff erent land use and management practices signifi cantly aff ect directions and magnitudes of the soil processes at both large (soil cores and horizons) and small (aggregate) scales by contributing diff erent quantities and qualities of biomass inputs, generating diff erent levels of soil disturbance, infl uencing soil temperature and moisture regimes. Long-term diff erences in land use and management generate notable changes in soil physical and hydraulic properties, including changes in soil organic matter content, soil porosity, hydraulic conductivity and water retention (Brye and Pirani, 2005) . Th ese changes have been intensively studied on a scale of large soil samples and cores (5-10 cm and greater) (e.g., Pachepsky et al., 1996; Giménez et al., 1997; Gantzer and Anderson, 2002; Udawatta et al., 2008; Luo and Lin, 2009; Kumar et al., 2010; Luo et al., 2010; Taina et al., 2010) ; and were typically examined in terms of numbers, shapes, and distributions of inter-aggregate macropores.
Soil aggregates play an important role in several soil processes, including water fl ow and solute transport, C sequestration, and microbial activity . No-till and undisturbed native vegetation are among the management practices oft en reported as those leading to greater aggregate stability and enhanced C se-Recent advances in computed tomography provide measurement tools to study internal structures of soil aggregates at micrometer resolutions and to improve our understanding of specifi c mechanisms of various soil processes. Fractal analysis is one of the data analysis tools that can be helpful in evaluating heterogeneity of the intra-aggregate internal structures. Th e goal of this study was to examine how long-term tillage and land use diff erences aff ect intra-aggregate pore heterogeneity. Th e specifi c objectives were: (i) to develop an approach to enhance utility of box-counting fractal dimension in characterizing intra-aggregate pore heterogeneity; (ii) to examine intra-aggregate pores in macro-aggregates (4-6 mm in size) using the computed tomography scanning and fractal analysis, and (iii) to compare heterogeneity of intra-aggregate pore space in aggregates from loamy Alfi sol soil subjected to 20 yr of contrasting management practices, namely, conventional tillage (chisel plow) (CT), no-till (NT), and native succession vegetation (NS). Th ree-dimensional images of the intact aggregates were obtained with a resolution of 14.6 μm at the Advanced Photon Source, Argonne National Laboratory, Argonne, IL. Proposed box-counting fractal dimension normalization was successfully implemented to estimate heterogeneity of pore voxel distributions without bias associated with diff erent porosities in soil aggregates. Th e aggregates from all three studied treatments had higher porosity associated with large (>100 μm) pores present in their centers than in their exteriors. Pores 15 to 60 μm were equally abundant throughout entire aggregates but their distributions were more heterogeneous in aggregate interiors. Th e CT aggregates had greater numbers of pores 15 to 60 μm than NT and NS. Distribution of pore voxels belonging to large pores was most heterogeneous in the aggregates from NS, followed by NT and by CT. Th is result was consistent with presence of very large pores associated with former root channels in NT and NS aggregates. Our fi ndings indicate that mechanisms of macro-aggregate formation might diff er in their importance in diff erent land use and management practices.
questration; with aggregates regarded as important contributors to protecting and increasing soil C levels . Quantitative characterization of the management eff ects on intra-aggregate porosities will enhance our ability to understand functioning of soil macro-aggregates and the mechanisms of their contributions to various soil processes, including C sequestration. However, until now relatively few studies have been devoted to changes in terms of intra-aggregate micropores on the aggregate scale. For example, Gibson et al. (2006) compared internal heterogeneity of 3 mm aggregates from continuous corn (Zea mays L.) and crop rotation managements and found that the crop rotation tended to increase intra-aggregate porosity and structural hierarchy. Chun et al. (2008) examined morphology and spatial arrangement of intra-aggregate pores in 8 to 20 mm aggregates of cultivated and forest soils and observed greater entropy of pore structure in forest aggregates. Peth et al. (2008) reported smaller nodal pore volumes and shorter path lengths in 5 mm aggregates from CT than from long-term grassland. Papadopoulos et al. (2009) noted diff erences in pore shapes in 5 mm aggregates from conventional and organic management. We hypothesize that diff erences in the intensity of soil disturbance, frequencies of wetting/drying patterns, amounts of biomass inputs, microbial and faunal activities in soils under conventionally plowed agricultural management as compared to NT and to undisturbed nonagricultural NS land use may lead to substantial diff erences in the intra-aggregate pore characteristics, including porosity, pore size distributions, and heterogeneity in pore distribution patterns.
Inside the macro-aggregates, the outer portions of the aggregates being in the greatest contact with the surrounding environment may behave diff erently from the aggregates' interiors. For example, several studies reported diff erences between interior and exterior parts of aggregates in microbial respiration (Priesack and Kisser-Priesack, 1993; Zausig et al., 1993; Park and Smucker, 2005) , sizes of microbial populations (Hattori, 1988; Drazkiewicz, 1994; Blackwood et al., 2006) , and in contents of organic matter, P and N (Santos et al., 1997; Gerke and Köhne, 2002) . Presence of diff erent layers in macro-aggregates has been noted by Horn et al. (1994) and Santos et al. (1997) and also inferred from the fractal analysis of the intact and eroded aggregates by Giménez et al. (2002) . Th e macro-aggregate interiors have been regarded to be inaccessible to nematodes and protozoans thus providing greater protection of soil microbes from predators within the aggregate interiors (Elliott and Coleman, 1988) . Intra-aggregate pore characteristics and diff erences in them in the aggregate exterior as opposed to interior layers can be assessed using computed micro-tomography addressing internal physical structure of soil aggregates at micrometer resolutions (Vogel et al., 2010) .
Fractal analysis has been used extensively and found to be eff ective in characterizing heterogeneity and complexity of the soil pore characteristics in soil micro-tomographic images (e.g., Gibson et al., 2006; Papadopoulos et al., 2008; Luo and Lin, 2009; Tarquis et al., 2009; Papadopoulos et al., 2009; Kumar et al., 2010) . Fractal dimension values refl ect complexity and heterogeneity of the distribution patterns of the studied objects. Lower fractal dimension values are characteristic of uniform regular or random distribution patterns while greater values will be found for more heterogeneous clumped and aggregated patterns (Li, 2000) . Box-counting fractal dimension has been successfully applied in a number of studies of soil images (e.g., Gantzer and Anderson, 2002; Chun et al., 2008) . However, the nature of this dimension is such that it can be substantially aff ected by the number of boxes of the smallest size (Halley et al., 2004) . In the fractal analysis of soil images the boxes of the smallest size are typically the image pixels/voxels that have been classifi ed as pores and their overall number is closely related to porosity. Indeed, positive relationships between box-counting fractal dimension and porosity are invariably reported (e.g., De Gryze et al., 2006; Chun et al., 2008; Tarquis et al., 2009) . Th is infl uence of porosity on fractal dimension values somewhat limits its usefulness as a measure of heterogeneity in pore distribution patterns. For example, let us compare two aggregates. In the fi rst aggregate the pore voxels are relatively uniformly distributed, while in the second they are arranged in a more complex heterogeneous pattern. If the number of pore voxels is approximately the same in both aggregates, then the box-counting fractal dimension of the second aggregate will be higher than that of the fi rst, correctly refl ecting greater heterogeneity. However, if the number of pore voxels in the fi rst aggregate is much higher than that in the second, then the fractal dimension of the fi rst aggregate will be higher than that of the second. Greater heterogeneity of the pore distribution of the second aggregate will be masked by the greater porosity of the fi rst aggregate. Standardization of the fractal dimension values so as to eliminate the infl uence of the numbers of boxes of the smallest size on the heterogeneity assessment can make fractal analysis in soil image studies less subjective.
Th e goal of this study was to examine how long-term tillage and land use diff erences aff ect intra-aggregate porosity and pore heterogeneity. Th e specifi c objectives were: to develop an approach to enhance utility of box-counting fractal dimension in characterizing soil intra-aggregate heterogeneity; to examine porosity and heterogeneity in pore distribution patterns of the intra-aggregate pores in macro-aggregates (4-6 mm in size) using the computed tomography scanning and fractal analysis, and to compare heterogeneity of intra-aggregate pore distribution patterns in macro-aggregates from the same soil subjected to long-term contrasting management practices, namely conventional tillage, no-till, and native succession vegetation.
MATERIALS AND METHODS

Sample Collection
Soil samples were collected from a Long-Term Ecological Research (LTER) experiment located in Southwest Michigan (42 o 24′ N, 85°24′ W). Its soils developed on glacial outwash and are classifi ed as welldrained Typic Hapludalfs either fi ne-loamy, mixed mesic (Kalamazoo series) or coarse-loamy, mixed, mesic (Oshtemo series). Th e LTER experiment is a randomized complete block design with six replications.
Th e experiment was established in 1988 in an agricultural fi eld that had been in plowed agriculture for at least past 100 yr. Th e three of the LTER treatments used in this study were (i) CT (chisel plowed), (ii) NT corn-soybean-wheat rotations with conventional chemical inputs and (iii) NS established on the experimental plots abandoned from agricultural use in 1989. Detailed descriptions of the treatment management protocols and history are provided at the LTER website (Kellogg Biological Station, 2009) . To ensure maximum possible uniformity in topographical and intrinsic soil properties we collected soil samples in close proximity to each other from adjacent 1-ha plots of the LTER site that were in CT, NT, and NS treatments. Th e samples were collected in the fall of 2008 at three sites in each plot. Th e distances between the sampled sites of CT, NT, and NS treatments were approximately 25 m. Short distances between the CT, NT, and NS samples allowed us to reduce eff ects of local soil variability in assessing the treatment infl uences.
At each sampling location soil blocks about 15 by 15 cm in size were extracted from 0-to 20-cm depth using a sharp fl at spade that minimized compression during sampling. Air-dried soil was manually sieved for 30 s and the aggregate fraction, 4 to 6 mm, was retained for this study. Fift een aggregates from each treatment were used in this study.
Aggregate Scanning and Image Analysis
Image data were collected by scanning the air-dried aggregates on the bending magnet beam line, station 13-BM-D of the GeoSoilEnvironCARS (GSECARS) sector at the Advanced Photon Source (APS), Argonne National Laboratory (ANL), Argonne, IL. Data were collected with the Si (111) channel cut monochromator tuned to 28 keV incident energy. Two-dimensional image slices were taken at 0.25° rotation angle steps over 180°. Th e 3D reconstructed images consisted of 520 slices with 696 by 696 pixels per slice. Th e resulting voxel size was 14.6 by 14.6 by 14.6 μm.
Th e images were preprocessed by removing ring artifacts and adjusting for the backfi eld projections and reconstructed using Fast Fourier Transform algorithms (Rivers, 1998) . Aft er reconstruction, the grayscale values (GV) ranged from 0 (black) to 255 (white) corresponding to low and high X-ray attenuation, respectively.
Th e grayscale images were segmented into pores and solids using indicator kriging segmentation module in 3DMA-Rock soft ware. Details on the soft ware and description of the segmentation procedures can be found at http://www.ams.sunysb.edu/~lindquis/3dma/3dma_ rock/3dma_rock_05_primer/primer.html and Wang et al. (2011) . All the calculations were conducted using 3D data sets.
Pore Characterization
Th ree groups of pores were considered in this study. Th e fi rst group included all pore voxels. We will refer to this group as "all" pores throughout the manuscript. Th e results from the analyses of this group characterized all pore voxels visible at the studied scanning resolution, that is, pores >15 μm. Th e second group consisted of pore voxels belonging to "small" pores. By "small" we referred to the pores 15 to 60 μm in size. Th e third group consisted of pore voxels belonging to "large" pores; that is pores greater than approximately 100 μm in size. Th ese two groups, small and large, were selected so as to provide the most contrasting diff erences among the aggregate pores.
Pore characteristic "burn number" was used to identify small and large pores. Burn numbers were obtained by fi rst subjecting the pore space to sceletonization and then by drawing a network of one-dimensional paths, that is, medial axes, through the pore centers of the pore network in the studied object (Lindquist et al., 2000; Peth et al., 2008) Location of the medial axis voxel identifi ed the center of a pore channel. Th e burn number defi nes the radius of the channel and is equal to the distance from the medial axis pore voxel to the closest solid voxel. Th e units for burn numbers are the numbers of voxels. In this study, burn numbers were calculated in segmented 3D aggregate images using 3DMA-Rock soft ware (Lindquist et al., 2000) . We regarded as small the pores with burn numbers of 1 and 2, which corresponds to 15 to 60 μm pore width and as large the pores with burn number ≥4, that is ≥105 μm width (In 3DMA the burn number of 4 will be assigned to the pores 7 and 8 voxel wide, thus the smallest size of the pore that is given a burn number 4 in our study is 7×15, that is 105 microns).
Aggregate Cutting
Scanned aggregates were cut into seven slices using a sharp razor blade. Th e cutting scheme is shown on Fig. 1 . Width and position of each cut slice were carefully recorded and then the slices were visually identifi ed and marked on the aggregate images. In this study we conducted pore analyses for the data from whole aggregates as well as for the data from individual slices. Th en, the data from slices were grouped as representing the inner part of the aggregate, that is the central slice (slice 6 on Fig. 1) , and the outer part of the aggregate, that is all outer slices (slices 1, 2, 3, and 7 visible on Fig. 1 ).
Fractal Dimension Calculation
Box-counting dimension in this study was calculated following a classical approach of covering the subset of interest, here the pore voxels, with boxes of varying sizes (Baveye and Boast, 1998; Halley et al., 2004) . We used the term "voxel" for the voxels of the segmented aggregate image and the term "box" for the boxes formed by combining the voxels for fractal dimension calculations. For example, the fi rst box size was equal to the voxel size of the original image and the number of such boxes was equal to the total number of pore voxels in the image, here the porosity of pores >14.6μm. Th e second box size contained boxes consisting of 2 × 2 × 2 voxels, a total of 8; box size 3 contained boxes consisting of 3 × 3 × 3 voxels, a total of 27, etc. As described earlier, each voxel of the segmented image was classifi ed as either pore or solid. For the boxes of size 2 and above, the box was considered to be a "pore" box if at least one of its voxels was a pore voxel. For each size δ, the numbers of pore boxes N(δ) were counted and related to the box size δ as: [1] where D 0 is the box-counting fractal dimension, which can be obtained as a slope of the log-transformed Eq. [1]; and n is the largest considered box size. Th e value of n was selected so as to ensure that the Eq. [1] was fi tted to the linear segment of the experimental data.
Low D 0 values correspond to a relatively uniform distribution of pore voxels. In the calculation approach used in this study, the lowest D 0 is obtained when a single pore voxel is present in every box of size n. Th en, for all sizes δ, N(δ) will be equal to the total number of pore voxels, producing a D 0 value of zero. High D 0 values correspond to a nonuniform distribution of pore voxels. Th e highest D 0 is obtained when all pore voxels are located in a single cubic pore cluster of size n, producing a D 0 value of 3. In real soil samples lower D 0 values would be expected in a system with a network of small pores uniformly distributed through it, while higher D 0 values would be observed in a system with more of the pore voxels concentrated in few large pores, that is in the system with greater heterogeneity of pore voxel distribution.
As mentioned earlier, D 0 value has been shown to be related to the number of boxes of the smallest size, N(1). Th e concept is illustrated on Fig. 2 following the example by Halley et al. (2004) . Boundary of the gray area on Fig. 2a represents the saturation line, that is, the line where all boxes of the aggregate are pore boxes. Th e scenarios shown on Fig. 2a (black lines) present theoretical cases where the saturation line is reached at the box size equal to the size of the entire studied object. Th at box size is the maximum possible box size and the number of such boxes is necessarily equal to one. As can be easily seen, in this case N (1), that is, porosity, completely determines the slope of the line, that is, the D 0 value.
However, the saturation line can be reached at box sizes smaller than the size of the entire object (thin line on Fig. 2b) . Th is would be typical for a more uniform distribution where by a certain relatively small box size every box contained at least one pore voxel and thus all the boxes became the pore boxes. Th e other case is when the x axis can be reached before the box size has reached the size of the entire object (bold line on Fig. 2b ). Th is would be typical for a more heterogeneous distribution where by a certain box size all the pore voxels would be contained in a single pore box. In real soil samples the saturation is more likely to be reached gradually instead of abruptly, as demonstrated on Fig. 2c for "all" pores of one of the studied aggregates (open circles). Also it is unlikely that all pore voxels of the image will be concentrated in a single box with a size substantially smaller than that of the entire image. Rather the plot will curve concavely while approaching the saturation line as demonstrated on Fig. 2c for "large" pores of the studied aggregate. Obviously, the fractal dimension cannot be calculated for the entire range of the studied box sizes. When calculated only for the linear component of the plot unaff ected by approaching the saturation line, the fractal dimension will provide useful information about heterogeneity of the pore distributions. However, to a certain extent their values still will be aff ected by N(1). To eliminate this infl uence we propose instead of using the actual box-counting dimension, D 0 to use its relative measure, D r (Fig. 2d) : [2] where D d is the slope of the line connecting N(1) and the point on the saturation line corresponding to the largest box size Fig. 2d ). Higher D r values would be expected in a system with a uniformly distributed pore voxels, while lower D r values would be observed in a system with greater heterogeneity of pore voxel distribution.
Statistical Analyses
Fitting of log-transformed Eq.
[1] and regression analyses were conducted using PROC REG procedure of SAS (SAS Institute, 2001) . Th e data on numbers of pore voxels and actual and relative box-counting dimensions were analyzed as a two-way factorial with treatments and inner/outer aggregate parts and their interaction as the fi xed factors. Aggregates nested within treatment were included in the statistical model as a random eff ect and were used as an experimental error in testing the eff ect of treatments. Normality and equal variance assumptions were assessed using normal probability plots and box plots and analysis with unequal variances was conducted whenever the homogeneity of variances assumption appeared to be questionable. PROC MIXED procedure of SAS (SAS Institute, 2001) was used for the analyses.
RESULTS AND DISCUSSION
Relationship between Fractal Dimension Values and Numbers of Pore Voxels
Examples of fi tting Eq.
[1] to the experimental data from all and large pores of one of the studied aggregates is shown on Fig.  2c . For all pore voxels and for small pore voxels the range of box sizes, δ, at which we fi tted Eq. [1] was from 1 to 10. Th is range was determined on visual examination of the plots for all studied aggregates and 10 turned out to be the box size where the plots were approximately 5% away from the saturation line. Th e linearity of the plots, as assessed by R 2 values, appeared to be maximal at this range. Th us, in terms of the actual sizes we examined the properties of all pores and small pores in box sizes ranging from 15 by 15 by 15 μm to 150 by 150 by 150 μm. For all pore and small pore voxels the plots typically behaved as shown in scenario 1 on Fig. 2d with mostly positive D r values. Th e higher D r from all and small pores refl ected greater uniformity in distribution of pores in general and small pores throughout the aggregates.
For large pore voxels we used the range of box sizes from 1 to 32. Th at is, the properties of large pores were examined in box sizes ranging from 15 by 15 by 15 μm to 480 by 480 by 480 μm. Th e plots for large pores typically behaved as shown in scenario 2 on Fig. 2d with mostly negative D r values and similar to the large pore example on Fig. 2c . Th eir lower D r values refl ected more heterogeneous patterns in presences and locations of large pores. Th e R 2 values for fi tting Eq. [1] were above 0.99 in all pore sizes in all aggregates.
As expected, actual D 0 values were signifi cantly (α = 0.05) positively correlated with the total numbers of pore voxels N (1). For all pore voxels the R 2 was equal to 0.26, while for small pore voxels it was equal to 0.38, and it was as high as 0.72 for large pore voxels (Fig. 3) . On the contrary, the D r values were not related to the number of pore voxels for voxels of either all, small, or large pores. Th e R 2 values were <0.1 in all studied cases.
Numbers of Pore Voxels
Among the three management practices CT had the highest number of all pore voxels, that is the porosity based on all pores >15 μm, followed by NT and then by NS (Fig. 4a) . Th e diff erence between CT and NS was statistically signifi cant (α = 0.05), while NT was not statistically diff erent from both CT and NS. Th is trend was even greater pronounced for the numbers of small pore voxels, that is the porosity ( >15 μm) associated with small pores, where all three treatments were signifi cantly diff erent from each other. However, there were no diff erences among the management practiced for the numbers of large pore voxels, that is in the porosity ( >15 μm) associated with large pores. Similar pattern was observed in both inner and outer aggregate parts (Fig.  5a) , indicating that the tendency of greater overall porosity and greater porosity associated with small pores in CT as compared to NS existed through entire bodies of the aggregates. Visual assessment of aggregate slices indicates that small sized pores and microcracks indeed were especially abundant in CT, propagating throughout the entire bodies of the aggregates (Fig. 6a and 6b ).
While NT aggregates had lower all pore porosity as well as small pore porosity than CT in the outer parts of the aggregates, the diff erence between the two treatments was not statistically signifi cant in the inner parts. One possible explanation is that the aggregate exteriors in NT are experiencing diff erent infl uences from their inter-aggregate pore surroundings as opposed to that for CT aggregates. Infl ux of newly formed dissolved organic carbon (DOC) could be one of such infl uences. According to the observations by Park et al. (2007) newly formed dissolved organic can enter macro-aggregates through intra-aggregate pores connected to the aggregate exteriors during sequences of wetting/ drying cycles. Once inside, it can serve as a binding agent preventing formation of microcracks, thus leading to lower number of small pores in the NT aggregate exteriors. Greater levels of DOC in aggregates from soils under reduced tillage as compared to conventionally tilled soil were indeed observed in other studies (e.g., Kasper et al., 2009) .
Th e tendencies for the large pore voxels were substantially diff erent from those of all and small pores. Th ere were no statistically signifi cant diff erences in large pore porosity among the treatments; however in all three treatments the large pore porosity in the inner parts of the aggregates was substantially Fig. 4. Mean values for (a) log-transformed numbers of pore voxels, N (1), (b) D 0 , and (c) D r in the aggregates of the three studied treatments. Error bars represent standard errors. Letters mark treatments signifi cantly different from each other at α = 0.05 within "all", "small", and "large" pores; nonsignifi cant differences are marked with NS. Fig. 5 . The results for (a) log-transformed numbers of pore voxels, (b) D 0 , and (c) D r in the inner and outer portions of the three studied treatments for "all", "small", and "large" pores. Letters correspond to the differences among the treatments within inner and outer parts. Bold letters mark treatments signifi cantly different at α = 0.05, regular letters mark differences signifi cant at α = 0.1, nonsignifi cant differences are marked with NS.
higher than that in the outer parts. Visual observations indeed confi rmed frequent presence of large pores of biological origin still containing visible pieces of organic matter within aggregate centers, especially so in NT and NS aggregates (Fig. 6c and 6d) .
Th e three studied treatments ranged from the least soil-conserving conventionally plowed corn-soybean-wheat rotation, to corn-soybean-wheat rotation in only minor soil disturbing notill, to most eff ective from conservational stand point native succession vegetation that had no soil disturbance and a wide variety of active vegetation present during the entire growing season. Th e trend in the porosity associated with 15 to 60 μm pores observed in this study was consistent with the trend of the soil conservational level of the studied treatments. According to visual observations of the aggregate images, the 15 to 60 μm pores were typically microcracks of nonbiological origin; and they were most abundant in the aggregates from the least soil conserving conventional tillage. Th e microcracks likely have formed as a result of nonbiological process, for example, wetting/drying and freezing/thawing cycles. Modeling results for LTER site indicated that surface soil in CT experienced greater numbers of wetting/drying cycles as compared to NT . Approximately two decades aft er switching to NT led to aggregates with overall lower numbers of such pores, however the decrease in microcracks occurred mostly in the aggregate exteriors, while interiors remained similar to those of the aggregates from CT. Two decades with no disturbance and continuous native vegetation led to aggregates with still lower numbers of microcracks.
Th e observed trends in the numbers of pore voxels are consistent with physical observations in aggregate characteristics reported in other studies. Among those are lower stability of macro-aggregates of CT as compared to NT and especially to NS and also the greater numbers of micro-aggregates observed in soil under CT as compared to NT and NS (e.g., Grandy and Robertson, 2007; Kasper et al., 2009) . It is likely that once the macro-aggregates break into micro-aggregates, they do so along the pores >15 μm, especially along the 15 to 60 μm micro-cracks. Even though no direct relationships between aggregate pore characteristics and aggregate stability were observed previously (De Gryze et al., 2006; Papadopoulos et al., 2009) , however, as pointed by Bresson and Moran (2004) , such relationships might be a complex function where aggregates' physical characteristics are related to pores of some but not other sizes. Our results appear to support this notion. Indeed, Grandy and Robertson (2007) , who conducted a detailed analysis of soil aggregates at the LTER experiment in 2006, reported the numbers of water stable macro-aggregates being lowest in CT, followed by NT and greatest in NS. Th is trend is consistent with the 15 to 60 μm pore results obtained in this study, and serves as an indirect indication that abundance of 15 to 60 μm intra-aggregate pores is a possible cause of the lower aggregate stability in CT soil.
Actual and Relative Fractal Dimensions
As expected, the D 0 values behaved similarly to the numbers of pore voxels, especially so for small and large pores where the correlations between the numbers of pore voxels and D 0 values were particularly high (Fig. 5) . Because of this confounding infl uence of the number of pore voxels on D 0 values we will not further discuss the D 0 results in detail. We only note that there was a tendency for higher D 0 values in CT than in NT and NS aggregates. Th is is consistent with the results of Gantzer and Anderson (2002) who observed lower values of box-counting dimension in NT soil columns as compared to plowed columns and with results of other studies that compared tilled and undisturbed soils (Chun et al., 2008; Tarquis et al., 2009) .
Th e D r values provided the assessment of pore voxel distributions not aff ected by the numbers of pore voxels, N(1). For the whole aggregates, the results indicated that while distribution patterns of small pores were similar in all treatments, greater heterogeneity, that is, smaller D r was present in the distribution patterns of the pore voxels of large pores in NS and NT aggregates as compared to CT (Fig. 4c) . Th e same results of no diff erences among the treatments in terms of small pores and greater heterogeneity in NT and NS for large pores were observed in both inner and outer parts of the aggregates (Fig. 5c) . Smaller D r values of NT and NS than CT indicate that large pore voxels of NT and NS might be congregated into a few megapores, while a greater number of large pores of smaller sizes is present in CT. Our preliminary pore-size distribution results in these and similar aggregates support this interpretation (Wang, personal communications, 2011) . A possible explanation for presence of a few very large pores in the centers of NT and NS, but not CT aggregates could be related to soil disturbance. One of the mechanisms of macro-aggregate formation is their forming around plant roots. Aggregates of this study that have a few very large pores in their centers are likely formed by that process. In NT and NS treatments macro-aggregates newly formed around fresh roots are then enriched and stabilized by products of root decomposition. Absence of soil disturbance allows suffi cient time for stabilization of such aggregates and ensures their existence even aft er the root is completely decomposed. In CT, soil disturbance by tillage will prevent stabilization of the macro-aggregates recently formed around plant roots. Other mechanisms of aggregate formation, for example, enmeshment by fungi mycelia or by physical forces of wetting-drying and freezing-thawing, might be prevailing in creating stable macro-aggregates in CT.
In addition, overall greater heterogeneity in pore distributions in NT and NS aggregates could result from interactions between greater stability of pore space due to organic, for example, DOC, inputs and formation of microcracks due to wetting/ drying and freezing/thawing processes (De Gryze et al., 2006) . Associations between organic matter content and fractal characteristics of macro-aggregates have been noted in other studies (e.g., Guber et al., 2005) .
For all and small pores, in all treatments the D r values in the outer parts were signifi cantly higher than those in the inner, indicating greater heterogeneity in terms of pore voxel distributions in the inner portions of the aggregates. Th e tendency was opposite for large pores, which in all treatments were more uniformly distributed in the aggregate centers than in the outsides. Together with greater numbers of large pore voxels in the aggregate centers than in their outer parts that were also observed across all treatments, these results point to similar trends in the intra-aggregate pore structures of these contrasting long-term treatments. Th ese trends are consistent with contemporary views on the processes involved in formation of stable aggregates (Oades, 1984; Elliott and Coleman, 1988; Six et al., 1998 Six et al., , 2000 . Lower abundance of large pores in the aggregates' outer parts might indicate that macro-aggregates with large pores in their exteriors are less stable, with outer parts easier to break off along the large pores. Th us, fewer numbers of such aggregates existed and were observed in this study. While greater heterogeneity in small pore distributions in the aggregates' interiors as compared to the outer parts could be related to formation of micro-aggregate nuclei in the inner parts of the aggregates. Such newly formed microaggregates would be expected to be denser and more uniform than the entire body of the macro-aggregate. Th ey would have no visible (at the studied resolution) pores present inside them, while visible, possibly small, pores will be present around them leading to greater heterogeneity in small pore voxel distributions, as observed in this study. Th e micro-aggregate formation in the outside parts of the aggregates could be less pronounced and loose particles could be more common there. Th is would lead to a more uniform distribution of pore voxels there, consistent with the observations of this study.
CONCLUSIONS
Proposed method of normalizing box-counting fractal dimension was successful in reducing the infl uence of the numbers of pore voxels on the fractal dimension values. It provided information on heterogeneity of pore voxel distributions without bias generated by the eff ects of the total pore numbers.
In the studied Alfi sol, the macro-aggregates from all three treatments, that is, CT (chisel plow), NT, and NS, had greater porosity associated with large (≥105 μm) pores in their interiors than in exterior parts. Such pores were more uniformly distributed in the aggregate interiors than in the exteriors. Pores 15 to 60 μm were equally abundant throughout entire aggregates but their distributions were more heterogeneous in aggregate interiors than in the outer layers. Th ese trends were common to all treatments pointing to generality of mechanisms of aggregate formation. However, the results of this study also indicated that longterm diff erences in land use and management practices may alter magnitudes and intensities of the diff erent processes involved in the general mechanisms of aggregate formation thus leading to substantial diff erences in intra-aggregate pore distributions and structures. Specifi cally, the macro-aggregates under prolong conventionally tilled management had greater number of pore voxels 15 to 60 μm than the aggregates under approximately 20 yr of NT and aggregates under approximately 20 yr of NS. Th is trend in the abundance of 15 to 60 μm pores was consistent with previous observations of the aggregate stability gradient being the lowest in CT to NT to the highest in NS. Distribution of pore voxels belonging to large pores was most heterogeneous in the aggregates from NS, followed by NT and by CT aggregates. Th is trend was consistent with the visually observed higher frequency of very large pores associated with former root channels in the NT and native succession aggregates. It implied that diff erent mechanisms of macro-aggregate formation might diff er in their importance and frequency of occurrence in diff erent land use and managements practices.
